Computerized adaptive tests (CATs) for positive and negative psychotic experiences were developed and tested in N = 5705 help-seeking, non-psychotic young individuals. Instead of presenting all items, CATs choose a varying number of different items during test administration depending on respondents' previous answers, reducing the average number of items while still obtaining accurate person estimates.
Introduction
To enable timely intervention in psychosis, its early detection is important . Therefore, there is a great need for efficient and effective screening tools for early expressions of psychosis that can be implemented easily at entry into the medical care system. This study investigated the psychometric properties of the Dutch version of the Prodromal Questionnaire (PQ-92) (Loewy et al., 2005) , a screening instrument for psychosis, in order to explore the possibility of building computerized adaptive tests (CATs). Adaptive tests are appealing, because they are short and a large number of domains of psychopathology may be assessed without the need to administer hundreds of items.
At risk for psychosis
There is increasing evidence supporting a continuous view on psychosis (Van Os et al., 1999 , 2000 , 2009 Johns and Van Os, 2001; Hanssen, 2004; Wigman, 2011) . This continuum of psychotic severity ranges from normality through schizotypy to full blown clinical psychotic disorder. Much research focused on the period before onset of a first psychotic episode, called the ultra-high-risk (UHR) period. Individuals at UHR for developing psychosis are defined by the at-risk mental state (ARMS) (Yung and McGorry, 1996; Yung et al., 1998 Yung et al., , 2005 criteria: (i) attenuated positive symptoms (APS group), (ii) brief limited intermittent psychotic states (BLIPS group), or (iii) familial liability for psychosis, defined as either having a first degree relative with any psychotic disorder or having a diagnosis of schizotypy (genetic risk group). In addition, individuals must either report persistently low levels of functioning or a recent substantial decline in functioning to meet ARMS criteria . Adequate recognition of ARMS enables clinicians to offer specific treatment such as cognitive behavioral therapy as soon as possible, thereby delaying or even preventing the onset of a first psychotic episode. Furthermore, recognizing individuals at UHR may substantially shorten the duration of untreated psychosis (DUP) should these individuals transition to psychosis. DUP refers to the period between manifestation of the first psychotic symptoms and initiation of adequate treatment (Marshall et al., 2005) , and shorter DUP is associated with better prognosis (Wunderink et al., 2009; Chang et al., 2012a Chang et al., , 2012b Chang et al., , 2013 . In order to detect ARMS as soon and accurately as possible, one strategy is to first screen patients with self-report inventories of psychotic symptoms and then, if they score above a cutoff, assess semi-structured interviews that tap the same symptom dimensions more indepth. This two-stage strategy increases the sensitivity and specificity of diagnostic classifications, differentiating well between individuals who do or do not develop psychosis according to diagnosis by psychiatrists (Miller et al., 2002; Yung et al., 2003; Loewy et al., 2005) .
The Prodromal Questionnaire (PQ)
The PQ-92 is a self-report inventory to be used in this first stage. PQ-92 items are clustered into four domains: positive symptoms (45 items), negative symptoms (19 items), disorganized symptoms (13 items), and general symptoms (15 items). In this paper, we focus on the positive (PQ-92-POS) and negative (PQ-92-NEG) symptom dimensions. Positive symptoms are highly predictive (Loewy et al., 2005; Ising et al., 2012) of the differentiation between healthy and ARMS/psychosis as assessed by structured interviews (Miller et al., 2002; Yung et al., 2005) . Negative symptoms are predictive of later social and vocational functioning (Pogue-Geile and Zubin, 1987; Lin et al., 2011) . The PQ-16 is a shortened version of the original questionnaire that was specifically designed to discriminate optimally between normal and ARMS/psychosis mental states according to the comprehensive assessment of at-risk mental state (CAARMS). It contains those 16 items of the PQ-92 that best predict this differentiation, and the sensitivity and specificity are both 87%.
Computerized adaptive testing (CAT) and item response theory (IRT)
The aim of CAT is to obtain the same measurement precision using fewer items than the original instrument (Wainer, 2010) . In clinical applications of CAT, the intensity level of the items to be administered is tailored to the estimated levels of psychopathological symptom (Reise and Waller, 2009; Embretson and Reise, 2013) , a family of probabilistic models. An IRT model specifies how both respondent's level of symptom severity and item properties influence the response pattern. If the postulated model fits the observed data reasonably well, individual scores are still comparable (may be placed on the same metric), although each respondent gets his/her own set of symptoms that is tailored to their estimated symptom severity levels. Thus, with CAT, each tested person will complete a different set of questions, depending on the number of questions needed to reach a preset threshold of accuracy. An illustration of CAT can be found in the Supportive Information.
Aims of this study
The first aim of this study was to determine whether the positive and negative symptom dimensions of the PQ-92 could be adequately represented by IRT models. The second aim was to assess how many symptoms of each dimension are needed to reach adequate levels of measurement precision. The third aim was to investigate how well the CAT-POS and CAT-NEG predict clinical and functional outcome regardless of ARMS. In order to achieve the second and third aims, we utilized the principle of real data simulations (RDS; see Methods section).
Methods

Data collection design
The data of three interdependent samples gathered in the Dutch Early Detection and Intervention Evaluation (EDIE-NL) trial and the variety of instruments and measures that have been used, are presented in Table 1 . identified as being at UHR by the CAARMS in addition to a DSM-4 axis one (non-psychotic) or axis two diagnosis and that were willing to participate were followed up after 18 months (van der Gaag et al., 2012). Mean age was 25.4 (SD 5.0, range 10-37), and 35.6% were male (64.4% female).
The two parameter logistic (2-PL) model and its assumptions
In this study we used the two parameter logistic (2-PL) model (Birnbaum, 1968) , a type of IRT model appropriate to describe non-cognitive and clinical data (Reise and Waller, 2009 ). In the 2-PL model, the response probabilities of respondents to individual items are modeled by means of a logistic function whose precise form is defined by a discrimination and a location parameter. The discrimination parameter equals the slope of the logistic function and represents the discriminative power of the item (i.e. how much response probabilities are influenced by trait level). The location parameter equals the point of inflection (mean) of the logistic function and it also represents the intensity level of the item. These functions are also called item characteristic curves or item trace lines. In order to apply the 2-PL model, the related assumptions of unidimensionality and local independence must be met and the chosen model must fit the data reasonably well. Unidimensionality means that response behavior is influenced by one trait only, and local independence means that items are essentially uncorrelated when controlling for this trait. In IRT, positions of items and persons on the latent continuum are denoted as theta (θ). The distribution of persons on this latent continuum may be conceived as approximately standardized. The cutoff advised by Ising et al. (2012) for including patients in the CAARMS interview (more than 17 positive symptoms) corresponds with a θ -value of +0.81 on the positive symptom continuum (approximately highest 20%).
Model fit 2-PL and local dependence (LD)
To check IRT assumptions, we conducted the following analyses. To test for global fit, we compared the observed sum score distribution with the expected sum score distribution on the basis of the model. Large discrepancies indicate misfit. To check for local dependence (LD), we inspected the magnitudes of the residual correlations among the positive and negative symptoms respectively after fitting unidimensional models. We also checked item fit. The sample was divided into three groups of approximately equal size according to their score level (that is, total scores without the item targeted). These groups represent individuals with low, medium, and high levels of psychotic symptom experiences. Observed response probabilities within these groups were compared with model-based expected response probabilities, and mean absolute differences (MADs) were computed for each item. In this way, the appropriateness of the item trace line (logistic function) was evaluated for each item. All IRT-analyses were performed using the object-oriented, free available software package MIRT (Glas, 2010) . The differences between observed and expected sum score frequencies and observed and expected response probabilities were evaluated using the Lagrange Multipliers (LM) test (Glas, 1999) , which has an asymptotic chi-square distribution. In all applications of the LM test, absolute differences between observed and expected are more informative about model violations than the outcomes of the test statistics, as large sample sizes quickly lead to significant findings. The first sample (helpseeking) was used for these analyses.
Differential item functioning (DIF)
Because appropriateness of the item trace lines may also depend on the demographic background of respondents, it is important to investigate whether parameter estimates based on the whole sample are also appropriate Adaptive Testing of Psychotic Symptoms van Bebber et al.
(invariant) for subgroups. Differential item functioning (DIF) tests essentially evaluate whether the increase in fit by freeing parameter estimates between groups is worth the number of additional parameters that have to be estimated. We investigated DIF for gender and age (adolescents versus adults). In order to check DIF for age, we split the data-file in to adolescents (<18 years; N = 602) and adults (N = 5088). We decided to consider MADs in response probabilities greater than 0.05 as moderate DIF and MADs greater than 0.10 as inadmissible for the purpose of adaptive testing (C. Glas, personal communication, February 6, 2015) .
Simulation of CAT-properties based on item parameters and observed response patterns: RDS RDS enable the evaluation of adaptive test properties before actually implementing the test. The estimated item parameters are used in combination with the observed response patterns to simulate an adaptive test (Sands et al., 1997) . The first item selected provides maximum information with regard to the group mean θ î¼ 0 À Á , and all subsequent items chosen for administration provide maximum information with regard to the estimated θ-values of each respondent. Based on the first sample, we (i) computed the correlation of θ -values obtained using the CAT-scores with full-length test-scores (θ-values based on the administration of all symptoms) and (ii) investigated measurement precision along the latent continua for CAT-POS and CAT-NEG. The program Firestar (Choi, 2009 ) was used to compile syntax to be used in R (R Core Team, 2014) to run these analyses. These simulated adaptive test scores were also used to investigate the criterion and predictive validity of the positive and negative symptom dimensions.
Criterion validity 1
Combining structured interviews with indicators of patients' functioning is seen as the gold standard for the differentiation between healthy, UHR and psychotic individuals. In case of UHR, functioning must be either low, or recently declined in addition to the result of the interview. We used the CAARMS and the fourth version of the SOFAS for the differentiation between normal versus UHR/psychosis. The (Pearson) correlation, sensitivity, specificity, positive-predictive value (PPV), negativepredictive value (NPV) and the accuracy of the CAT-POS were compared with the same indices for the PQ-16. The second sample was used for these analyses. It has to be noted that the CAARMS-assessors were not blind to the PQ-scores of patients. That is, although assessors did not know precisely how many positive symptoms were endorsed by the patients they interviewed, they were sure that these patients endorsed at least 12 positive symptoms (inclusion criteria for the second sample).
Instruments
CAARMS
The CAARMS is a structured interview used to assess UHR status for psychosis. Reliabilities (intra-class correlations, ICC) for the positive symptom subscales that were used to define the UHR/psychosis status range from 0.79 to 0.89 for non-psychotic help-seeking individuals. The CAARMS discriminates well between healthy and UHR, and within UHR-samples, patients that are CAARMS positive are approximately 16 times more likely than CAARMS negative patients to develop a psychotic disorder .
SOFAS
The SOFAS (Goldman et al., 1992) assesses functioning on a scale ranging from 0 (poor functioning) to 100 (excellent functioning). Reliabilities (ICC or kappa) for the scale range from 0.55 to 0.80. SOFAS-scores have been consistently found to co-vary negatively with complexity of axis-one diagnosis and positively with other indicators of social and occupational functioning. Low functioning was operationalized as a score lower than 50, and substantial decline was operationalized as a drop of more than 30% from premorbid functioning (van der Gaag et al., 2012).
Predictive validity
To explore the capability of the PQ-92-POS, CAT-POS, PQ-92-NEG, CAT-NEG and the PQ-16 of predicting important outcome criteria, a subgroup (N = 90) of the second sample was followed-up after 18 months. Outcome measures were the development of a psychotic disorder as diagnosed by psychiatrists, level of functioning measured by the SOFAS and the number of hospitalization days. The third sample (UHR follow-up) was used for these analyses and again (Pearson) correlations were computed. It should be noted that the third sample is not representative of help-seeking individuals because only patients classified as ARMS according to the CAARMS van Bebber et al.
Adaptive Testing of Psychotic Symptoms were included. The attrition rate for this last stage of the data collection design was equal to 13%.
Results
Model fit 2-PL and local dependence
All IRT-analyses were conducted on the sample of help-seeking individuals.
Positive symptoms
Detailed output of the analyses is given in the Supportive Information; here we summarize the most important findings. Based on the LM test, we found significant differences between observed and expected sum score frequencies (LM = 80.14, p < 0.01). Closer inspection of these differences revealed that (i) especially zero scores are more frequently observed than the model implies and (ii) the differences are not systematic, in the sense that they do not show a clear pattern of deviation from the assumption of a normally distributed latent trait. The MADs between observed and expected response probabilities for the 45 symptoms were low, all between 0.00 and 0.01 with one of 0.02, meaning that the estimated item parameters fitted the observed responses quite well. Of the 990 item pairs [(n * n À n)/2], nine had a residual correlation above 0.25, (maximum 0.34). The averaged absolute residual correlation was equal to 0.06, showing that the magnitudes of most correlations among positive symptoms were well reproduced by a unidimensional model. Table 2 displays the SEs for 15 equally spaced intervals on the positive symptom continuum (all 45 items). SEs at the start of the continuum (very low scores) are higher than the SEs in the area surrounding the cutoff score for the CAARMS (θ = 0.81; 21.6% highest scores) or at the end of the latent continuum. This means that the 45 positive symptoms are less capable of differentiating among individuals who experience no or only a few mild symptoms than differentiating low scorers from those individuals that experience elevated levels of positive symptoms. Thus, we conclude that the positive symptom dimension may be adequately represented by the 2-PL model, noting that measurement precision is low at the beginning of the positive symptom continuum.
Negative symptoms
The differences between observed and expected sum score frequencies of the negative symptom dimension were not statistically significant (LM = 30.18, df = 19; not significant [n.s.]). However, as for the positive symptom dimension, the frequency of zero-scores is underestimated by the model. Again, the MADs between observed and expected response probabilities for the 19 symptoms were quite low (<0.01). Thus, negative symptoms can also be represented by the 2-PL model.
Of the 171 item pairs, three had a residual correlation above 0.25. The averaged absolute residual correlation was equal to 0.08 (maximum 0.44). Table 3 displays the SEs for 11 equally spaced intervals on the negative symptom continuum (all 19 items). For the negative symptom dimension, the differences in measurement precision along the latent continuum are smaller than was the case for the positive symptom dimension.
Differential item functioning (DIF)
Positive symptoms
On average men endorsed 0.6 positive symptoms less than women. Most positive symptoms displayed no DIF for gender and only one item displayed moderate DIF (MAD = 0.06): "I believe in telepathy, psychic forces, or fortune telling", with an LM-value of 109.2 (df = 1, sig. = 0.00). Men were a bit less (MAD = À0.08) likely to endorse this item than the model parameters suggested and women were somewhat more (+0.05) likely.
Adolescents endorsed 1.5 more positive symptoms than adults on average. Seven positive symptoms 
Negative symptoms
On average, men endorsed 0.5 negative symptoms less than women, but all MADs where lower than 0.05. Adults endorsed 1.3 negative symptoms more than adolescents on average, but again, all MADs were lower than 0.05. In conclusion, the DIF-effects we found across subgroups were not substantial enough to justify the use of differential item parameters across groups.
Real data simulations (RDS)
Positive symptoms
Measurement precision of the positive symptom item pool was low for values lower than θ i < À1.00. Because we were not so much interested in how non-psychotic individuals score in terms of positive symptom experiences, but rather in differentiating between elevated and high levels, we used two stop criteria for these simulations: terminate the test session (i) if the upper bound of the 99.7% confidence interval θ îþ 3*SE θ i ð Þ À Á of the estimated score is lower than the corresponding cutoff score for CAARMS inclusion (21.6% highest scores) or (ii) when 12 items have been administered. A minimum of four items was always administered. When these boundary conditions were used, 10.1 items were utilized on average. The correlation of CAT-POS scores with full-length test scores (IRT-based) equaled 0.92 (R 2 = 85%), indicating that both approaches yield roughly the same information. The average SE was equal to 0.47 (r xx = 0.82), a value that is still slightly below the cutoff of 0.50 (r xx = 0.80) (Evers et al., 2010) .
Negative symptoms
The following stop criteria were used: terminate the test sessions (i) if the corresponding SE is lower than 0.45 (r xx = 0.83), or (ii) when 12 items have been administered. In this way, 8.8 items had to be utilized on average. The correlation with full-length test scores was 0.95 (R 2 = 90%), and the SE equaled 0.46 (r xx = 0.83) on average.
Criterion validity
The second sample is not representative for the target population of the screening tool (help-seeking population) because only individuals that endorsed many positive symptoms completed the CAARMS. In contrast to Ising et al. (2012) , we chose not to impute CAARMS scores for the rest of the sample because (i) many (N = 5132) scores would have had to be imputed and (ii) we did not want to use positive symptoms as predictors for imputing CAARMS-scores (diffusion of predictor and criterion). Instead, we compared our results directly to those of Ising et al. (2012) , using the same approach for the CAT-POS scores and the PQ-16. The correlations between the two predictors and the CAARMS were corrected for restriction of range in the predictor scores by Thorndike's case-2 formula (Wiberg and Sundström, 2009 ). The corrected correlation of the CAT-POS scores with the CAARMS (0.38) was lower than the correlation of the PQ-16 (0.47) with the CAARMS. Ising et al. (2012) advise to use a cutoff of more than 17 positive symptoms endorsed out of the 45 positive symptoms. Of the sample 21.6% endorse more than 17 positive symptoms, and this percentage corresponds to a θ-value above +0.81 on the CAT-POS. It should be noted that the goal was to differentiate between normal and UHR/psychosis, and not to identify individuals which are currently psychotic. The results for classification accuracy (healthy versus UHR/psychosis according to the CAARMS), using this value as cutoff, are displayed in Table 4 . van Bebber et al.
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As shown in Table 4 , the PQ-16 (second column) is superior to the CAT-POS (fifth column, θ i > 0.81) in terms of sensitivity (+12%), NPV (+14%) and accuracy (+7%). The differences in specificity and PPV are minimal. Because respondents in the second sample were selected by the number of positive symptoms they endorsed, it contains much less true negatives than might be expected without this restriction. Hence, the reported specificities, NPVs and accuracies underestimate the "true" values for both predictors. To a lesser degree, the reverse is also true for the reported sensitivities and PPVs of the CAT-POS and the PQ-16, because the selectiveness of the data collection design leads to a partial verification bias. Increasing the CAT-POS cutoff score (columns 3 and 4) would increase specificity and accuracy at the price of decreasing sensitivity. Increasing the CAT-POS cutoff score (columns 3 and 4) would increase specificity and accuracy at the price of decreasing sensitivity.
Predictive validity
Twenty-four (26.7%) patients transitioned to a psychotic state within the follow-up period of 18 month. The mean SOFAS score at the end of the follow-up period was equal to 55.70 (SD = 14.70). Eighty-one out of 90 patients (90%) were not hospitalized at all during the follow-up period, and the number of hospitalization days for the nine patients that did get hospitalized ranged from three to 230 days.
The correlations between the predictors and the followup criteria, calculated in the UHR follow-up sample, are displayed in Table 5 . The CATs performed as well or even better than the unweighted symptom totals of the PQ-92. Although the PQ-16 was superior to the CAT-POS with respect to CAARMS classifications, the opposite was true for predicting (i) which patients will be diagnosed with psychotic disorder during the first 18 months after intake and (ii) the duration of hospitalization. No instrument predicted social and occupational functioning as assessed by the SOFAS, although the correlation for the CAT-NEG suggests an effect of interest, given the size of the correlation and the low p-value (p = 0.058).
Discussion
The present study showed the suitability of positive and negative symptoms of the PQ-92 for IRT-based adaptive Ising et al. (2012) shown in italic typeface. testing. Our results show that it is feasible to build CATs for these psychotic experiences, utilizing many fewer items than the original instrument, while yielding sufficient levels of measurement precision. On average, ten and nine items were required to place individuals on the positive and negative symptom dimensions, respectively. Although all effect sizes were small, in ARMS individuals (according to the CAARMS), the CAT-POS predicted best which individuals make a transition to psychosis and how long these would need to be hospitalized, and the CAT-NEG was suggestively associated with later functioning (r xy = À0.20, p = 0.058; N = 90). With respect to CAARMS-classification accuracy, the PQ-16 was superior to the CAT-POS. It should be noted that during the RDS of the CATs, selection of those 16 items that make up the PQ-16 was rather the exception than the rule. With respect to the CAT-POS, symptoms of the facet Unusual Thought Content & Delusional Ideas were selected most frequently.
To our knowledge, this is the first study that applied IRT-models to the dimensions of positive and negative psychotic experiences. Because the symptoms were calibrated using a large sample drawn from the help-seeking population, the item parameters could be estimated precisely. Also, we used various different measures of validity to indicate how well the newly developed adaptive tests function. Several limitations should also be noted. The most important limitation is the selectness of the followup sample as a result of the data collection design: only individuals were included who had been classified as ARMS according to the CAARMS. Because of this, the results concerning the predictive validity of the CATs, while promising, should be replicated in a non-selected (including both ARMS and non-ARMS individuals) sample prospectively. This would enable a direct and fair comparison of the CATs on the one hand and the PQ-16 combined with the CAARMS on the other hand. With respect to the relationship between CAT-POS and number of hospitalization days, it is important to note that the distribution of hospitalization days was very skewed and the association that we found was based on only nine different time points. Although the RDS give an impression of how the CATs will function in practice and the results we found are promising, it has to be noted that the CATs were not yet applied in general practices. Furthermore, measurement precision for individuals that experience no or only a few positive or negative symptoms is lower than for individuals that experience elevated or high levels of symptoms. This finding is not uncommon for clinical scales, and the term quasi-trait has been introduced by Reise and Waller (2009) to describe this phenomenon: "(…) the trait is unipolar (relevant in only one direction) and that variation at the low end of the scale is less informative in both a substantive and psychometric sense." (p. 31). As such, neither item pool is ideal to track individual change (for example, when assessing recovery). Adding positive and negative symptoms with higher proportions of endorsement (p > 0.70) to the item pools would improve measurement precision at the low ends of the latent continua. It would be fruitful to investigate whether these indicators can be found in other inventories that assess milder forms of psychotic experiences.
The choice for CATs has two important advantages. First, in order to differentiate between positive and negative symptom experiences without the need of administering many items, the computed item parameters may be used in adaptive testing environments. We think that this benefit of economy is especially important in practical contexts where the aim is to assess a broad spectrum of psychopathological and psychological domains reliably without the need of administering hundreds of items in total, as is the case at the front door of the medical sector -that is, general practitioners' practices or cohort studies with a broad scope on diverse forms of psychopathology. In specialized secondary clinical settings where the focus is on specific psychopathological domains, diagnoses at intake are only preliminary and qualified CAARMSassessors are available, this advantage will be probably less important, and thus the PQ-16 seems to be the better choice. Second, use of CATs offers the possibility of investigating the independent contribution of positive and negative symptom dimensions to the future development of psychosis and functional decline, without a priori capitalizing on present ARMS definitions according to the CAARMS. Within the current framework of ARMS (an important limitation of the present study), the CATs seems a promising and feasible concept to adequately and economically assess psychotic experiences, as CATs were associated with long-term outcomes (transition to psychosis, hospitalization and functioning). The itemparameters are provided in the Supporting Information and may be used for adaptive testing and computation of various IRT-metric scores. 
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Endnotes
1. We think that in this case, criterion validity is more appropriate a label than convergent validity, because, although CAARMS and CAT-POS assess the same domain, the methods are different (structured interview versus questionnaire). Furthermore, as long as the patients have not received a diagnosis by a psychiatrist, structured interviews are used as the gold standard for the differentiation between healthy, UHR and psychotic individuals.
